Introduction
============

Neurodegenerative diseases represent one of the major health problems. In fact, the prevalence of neurodegenerative diseases is rising dramatically due to the increase in life expectancy and demographic changes in the population. The etiology of most neurodegenerative disorders is complex and multifactorial, involving genetic predisposition, environmental and endogenous factors (Przedborski et al., [@B123]; Correia and Moreira, [@B27]; Migliore and Coppedè, [@B99]). Nevertheless, mitochondria have emerged as a pivotal "convergence point" for neurodegeneration (Lin and Beal, [@B82]; Moreira et al., [@B108]).

Mitochondria play a critical role in the regulation of both cell survival and death (Green and Kroemer, [@B57]; Beal, [@B10]). These organelles are essential for the production of ATP through oxidative phosphorylation and regulation of intracellular calcium (Ca^2+^) homeostasis. Thus, dysfunction of mitochondrial energy metabolism culminates in ATP production and Ca^2+^ buffering impairment and exacerbated generation of reactive oxygen species (ROS; Beal, [@B10]). High levels of ROS cause, among other things, damage of cell membranes through lipid peroxidation and accelerate the high mutation rate of mitochondrial DNA (mtDNA; Petrozzi et al., [@B122]). Accumulation of mtDNA mutations enhances oxidative damage, causes energy depletion and increases ROS production, in a vicious cycle (Petrozzi et al., [@B122]). Moreover, the brain is especially prone to oxidative stress-induced damage due to its high levels of polyunsaturated fatty acids, high oxygen consumption, high content in transition metals, and poor antioxidant defenses (Nunomura et al., [@B114]).

Although exaggerated mitochondrial ROS production has been associated with mitochondrial dysfunction and neuronal cell degeneration and death, it has also been shown that a slight rise of mitochondrial ROS levels can trigger preconditioning-mediated brain tolerance, suggesting that mitochondria might be gateways on endogenous neuroprotection (Ravati et al., [@B130], [@B129]; Dirnagl and Meisel, [@B37]; Jou, [@B70]; Dirnagl et al., [@B35]). Further, mitochondrial ATP-sensitive potassium (mitoK~ATP~) channels activation has also been involved in the preconditioning phenomenon (Busija et al., [@B18]). It was demonstrated that antioxidants and mitoK~ATP~ blockers abolish preconditioning-induced protection (Vanden Hoek et al., [@B163]; Oldenburg et al., [@B116]). Jou ([@B70]) proposed that this "minor" mitochondrial ROS generation induces fission and fusion of mitochondria and relocates mitochondrial network to form a mitochondria free gap, which may play a crucial role in mitochondrial ROS-mediated protective "preconditioning" by preventing propagation of ROS during oxidative insult.

In light of these evidences, we may say that mitochondria take a center stage in both neurodegeneration and neuroprotection. Herein, we review the current knowledge pertaining to mitochondrial dysfunction involvement on the onset and progression of chronic neurodegenerative disorders, namely Alzheimer\'s disease (AD) and Parkinson\'s disease (PD), and cerebral ischemic stroke. We also intend to explore the crucial role of mitochondria in preconditioning-induced neuroprotection, putting focus on the role of mitochondrial ROS and mitoK~ATP~ channels.

Mitochondrial Dysfunction as a Critical Event Implicated in Neurodegeneration
=============================================================================

It is well established that mitochondria have a prominent role in neuronal physiology. Neurons are cells with extremely high energy demands, since mitochondrial oxidative phosphorylation is essential for neurons to meet their high ATP requirements. Therefore, neurons are very vulnerable to bioenergetic crisis and dysfunction of mitochondrial machinery (Murphy et al., [@B109]; Moreira et al., [@B103]; Simpkins et al., [@B143]). Data from postmortem brain tissue and genetic analysis in humans and biochemical and pathological studies in *in vitro* and *in vivo* models of neurodegeneration suggest that mitochondrial dysfunction is a common and critical event involved in neurodegenerative processes. The following subsections are devoted to highlight the involvement of mitochondrial malfunction in AD, PD, and cerebral ischemic stroke.

Alzheimer\'s disease and mitochondrial dysfunction
--------------------------------------------------

Alzheimer\'s disease is the most common neurodegenerative disease, being characterized by the progressive neuronal impairment and loss and cognitive decline. The pathological hallmarks of AD are the formation of extracellular senile plaques, mainly composed of amyloid-β (Aβ) peptide, and intracellular neurofibrillary tangles (NFT) containing hyperphosphorylated tau protein (Selkoe, [@B137]; Moreira et al., [@B104], [@B107]). Aβ peptides are generated by successive proteolysis of amyloid-β precursor protein (AβPP), a large transmembrane glycoprotein that is initially cleaved by the β-site AβPP-cleaving enzyme 1 (BACE1) and subsequently by γ-secretase in the transmembrane domain (Greenfield et al., [@B59]; Findeis, [@B46]).

Mitochondrial dysfunction and bioenergetics failure have been demonstrated to be early events implicated in the pathogenesis of AD (Figure [1](#F1){ref-type="fig"}). In fact, it was observed an impairment in the activities of the three key tricarboxylic acid cycle (TCA) enzyme complexes, pyruvate dehydrogenase, isocitrate dehydrogenase, and α-ketoglutarate dehydrogenase in postmortem AD brain and fibroblasts from AD patients (Huang et al., [@B66]; Bubber et al., [@B17]). In addition, a decline in respiratory chain complexes I, III, and IV activities is seen in platelets and lymphocytes from AD patients and postmortem AD brain tissue (Kish et al., [@B73]; Parker et al., [@B118]; Bosetti et al., [@B15]; Valla et al., [@B162]). Several lines of evidence also reported increased free radical production, lipid peroxidation, oxidative DNA damage, oxidative protein damage, and decreased ATP production and cell viability in AD brains compared to age-matched control subjects (Smith et al., [@B146]; Gibson et al., [@B55]; Maurer et al., [@B96]; Wang et al., [@B164]; Devi et al., [@B34]; Sultana et al., [@B150]).

![**Mitochondrial dysfunction in Alzheimer\'s disease (AD) and Parkinson\'s disease (PD)**. Mitochondrial dysfunction has been implicated in the etiology of AD and PD. In AD, it has been shown that amyloid β peptide (Aβ) impairs the activity of respiratory chain complex IV, leading to increased reactive oxygen species (ROS) levels and ATP depletion. Moreover, mitochondrial DNA (mtDNA) mutations have also been implicated in mitochondrial dysfunction that occurs in AD. PD is associated with an impairment of mitochondrial complex I activity. It has been demonstrated that the pharmacological inhibition of this complex with rotenone or 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) causes degeneration of the nigral dopaminergic neurons and PD symptoms in *in vivo* models. The familial forms of PD are associated with mutations in leucine-rich repeat kinase 2 (LRRK2), α-synuclein, parkin, DJ1, and PTEN-induced putative kinase 1 (PINK1), these proteins being associated with the mitochondrial outer membrane (OM) and involved in ROS production or defense. High temperature requirement A2 (HtrA2) is another protein that is mutated in familial PD and is localized in the intermembrane space (IMS) of mitochondria. ADP, adenosine diphosphate; Cyt c, cytochrome c; IM, inner membrane; NAD^+^, oxidized nicotinamide adenine dinucleotide; NADH, reduced nicotinamide adenine dinucleotide; H^+^, proton.](fnagi-02-00138-g001){#F1}

Mitochondrial DNA mutations have also been implicated in mitochondrial dysfunction in the pathogenesis of AD. It was detected 20 point mutations in the mitochondrial-encoded cytochrome c oxidase subunits I, II, and III genes in AD patients (Hamblet et al., [@B62]). Similarly, Qiu et al. ([@B125]) identified two missense mutations in the mtDNA of cytochrome c oxidase in a patient with AD. Further, a high aggregate burden of somatic mtDNA mutations was observed in postmortem brain tissue from AD patients (Lin et al., [@B83]; Coskun et al., [@B28]).

Accumulating evidence also indicate that Aβ and AβPP could directly target mitochondria. Mitochondrial dysfunction was linked to the accumulation of full-length and carboxy-terminally truncated AβPP across mitochondrial import channels in brain tissue from AD patients (Devi et al., [@B34]). The authors also observed that this accumulation of AβPP inhibited the entrance of nuclear-encoded cytochrome c oxidase subunits IV and Vb proteins, which was associated with a decrease in cytochrome c oxidase activity and increased hydrogen peroxide (H~2~O~2~) production (Devi et al., [@B34]). Anandatheerthavarada et al. ([@B4]) reported an accumulation of full-length AβPP in the mitochondrial compartment in a transmembrane-arrested form that impaired mitochondrial functionality and energy metabolism. Also detected was a progressive accumulation of Aβ monomers and oligomers within the mitochondria of both transgenic mice overexpressing mutant AβPP and postmortem brain from AD patients (Caspersen et al., [@B22]; Crouch et al., [@B29]; Devi et al., [@B34]; Manczak et al., [@B93]). Indeed, Aβ can disrupt mitochondrial cytochrome c oxidase activity (Crouch et al., [@B29]; Takuma et al., [@B155]) in a sequence- and conformation-dependent manner (Crouch et al., [@B29]). A direct link between Aβ-induced toxicity and mitochondrial dysfunction in AD pathology has been suggested by the interaction between mitochondrial Aβ and the mitochondrial protein, Aβ-binding alcohol dehydrogenase (ABAD; Lustbader et al., [@B90]; Yan and Stern, [@B172]). It was observed that this interaction culminates in mitochondrial failure via changes in mitochondrial membrane permeability and a reduction in the activities of enzymes involved in mitochondrial respiration (Lustbader et al., [@B90]). Hansson Petersen et al. ([@B63]) have also shown that Aβ peptide is imported into mitochondria via the translocase of the outer membrane (TOM) import machinery and localized to mitochondrial cristae. Thus, it has been suggested that the transport of Aβ species to mitochondria cause mitochondrial dysfunction and oxidative damage and, consequently, damage neurons both structurally and functionally (Caspersen et al., [@B22]; Crouch et al., [@B29]; Devi et al., [@B34]; Manczak et al., [@B93]; Hansson Petersen et al., [@B63]). Previous *in vitro* studies from our laboratory also show an increased susceptibility to mitochondrial permeability transition pore (MPTP) induction promoted by Aβ peptides (Moreira et al., [@B105], [@B106]). Accordingly, Du et al. ([@B42]) provide a plausible mechanism underlying Aβ-induced mitochondrial dysfunction, in which Aβ interacts with cyclophilin D, a critical molecule involved in MPTP formation and cell death. The authors showed that the interaction of cyclophilin D with mitochondrial Aβ potentiates mitochondrial, neuronal and synaptic stress (Du et al., [@B42]). In contrast, cyclophilin D ablation protects neurons from Aβ-induced MPTP opening and the resultant mitochondrial and cellular stress (Du et al., [@B42]). Additionally, cyclophilin D deficiency substantially improves learning and memory and synaptic function in an AD mouse model and alleviates Aβ-mediated reduction of long-term potentiation (LTP; Du et al., [@B42]). Another study reported that the presequence protease (PreP) is responsible for the degradation of the accumulated Aβ in mitochondria, supporting the association of Aβ with mitochondria and mitochondrial dysfunction in AD (Falkevall et al., [@B45]).

Recent studies also demonstrated that Aβ induce mitochondrial dynamic changes, including mitochondrial fission/fusion perturbations (Wang et al., [@B165]). Wang et al. ([@B165]) reported abnormal mitochondrial fission and fusion in AD fibroblasts. It was found that fibroblasts from sporadic AD patients express lower levels of dynamin-related protein 1 (Drp1), a key regulator of mitochondrial fission and display elongated mitochondria, which form collapsed perinuclear networks (Wang et al., [@B165], [@B167]). It was also observed that AβPP overexpression in M17 neuroblastoma cells resulted in predominantly fragmented mitochondria, decreased Drp1 and optic atrophy protein 1 (OPA1) levels, and a defect in neuronal differentiation (Wang et al., [@B166]). Moreover, reduced levels of Drp1, OPA1, mitofusin (Mfn)1 and 2 and increased mitochondria fission protein 1 (Fis1) levels were found in hippocampal tissues from AD patients compared with age-matched controls (Wang et al., [@B168]). These studies suggest that Aβ potentiates mitochondrial fission/fusion imbalance and, consequently, mitochondrial fragmentation and abnormal distribution contributing to mitochondrial and neuronal dysfunction in AD.

Parkinson\'s disease and mitochondrial dysfunction
--------------------------------------------------

Parkinson\'s disease is the second most prevalent neurodegenerative disease, affecting approximately 2% of individuals over 65 years of age. PD is characterized by a progressive and massive loss of midbrain dopaminergic neurons of the substantia nigra pars compacta (de Rijk et al., [@B33]; de Lau et al., [@B32]; Cardoso et al., [@B21]). Consequently, substantia nigra pars compacta dopaminergic neuronal loss leads to the degeneration of neurons terminals and dopamine (DA) depletion in the striatum, which is required for normal motor function. One of the pathological hallmarks of PD and related synucleinopathies is the presence of intracellular inclusions called Lewy bodies (LBs), which are constituted by aggregates of the presynaptic soluble protein called α-synuclein (Cardoso et al., [@B21]).

Over the last decades, evidence indicates that mitochondrial dysfunction plays a critical role in the etiology of PD (Figure [1](#F1){ref-type="fig"}) (Schapira, [@B133]; Banerjee et al., [@B8]). Indeed, an impairment of mitochondrial complex I activity has been observed in the substantia nigra (Schapira et al., [@B134]; Mann et al., [@B94]), platelets (Parker et al., [@B117]; Krige et al., [@B78]; Haas et al., [@B61]; Blandini et al., [@B13]), lymphocytes (Yoshino et al., [@B175]; Barroso et al., [@B9]), and skeletal muscle tissue (Taylor et al., [@B158]; Penn et al., [@B120]) from PD patients. Consistently, cybrids containing mtDNA from PD patients present a significant impairment in complex I activity associated with increased oxidative stress levels (Swerdlow et al., [@B151]), suggesting mtDNA encoded defects in PD. Additionally, it was observed that LBs within these cybrids also react positively with cytochrome c antibodies, which imply a mitochondrial origin (Trimmer et al., [@B160]). Mitochondrial involvement in the etiology of PD is also provided by the use of specific complex I inhibitors, such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, rotenone and 6-hydroxydopamine (6-OHDA) which cause degeneration of the nigral dopaminergic neurons and PD symptoms in *in vivo* models (Betarbet et al., [@B12]; Gash et al., [@B51]; Sherer et al., [@B138]). Furthermore, a proteomic analysis of mitochondria-enriched fractions from postmortem PD substantia nigra revealed differential expression of multiple mitochondrial proteins in PD brain as compared to control, including complex I subunits and mitochondrial creatine kinase (Jin et al., [@B69]). It was also reported that mortalin, a mitochondrial stress protein, is substantially decreased in PD brains and cellular models of PD (Jin et al., [@B69]). Manipulations of mortalin levels in dopaminergic neurons resulted in significant changes in sensitivity to PD phenotypes via pathways involving mitochondrial and proteasomal function as well as oxidative stress (Jin et al., [@B69]). Decreased immunostaining for mitochondrial α-ketoglutarate was also observed in postmortem brain from PD patients (Mizuno et al., [@B101]).

Genetic evidence reveals that mutations in genes encoding both mitochondrially targeted proteins and proteins involved in mitochondrial function and/or oxidative stress responses also play a role in the pathogenesis of PD (Thomas and Beal, [@B159]). Ekstrand et al. ([@B44]) created conditional knockout "MitoPark" mice, which have a disrupted mitochondrial transcription factor A (Tfam) gene in dopaminergic neurons. The authors observed that these knockout mice have reduced mtDNA expression and respiratory chain deficiency in midbrain dopaminergic neurons, which lead to a Parkinsonism phenotype with adult onset and characterized by slowly progressive impairment of motor function accompanied by the formation of intraneuronal inclusions and dopamine nerve cell death (Ekstrand et al., [@B44]). Moreover, familial forms of PD are associated with mutations in leucine-rich repeat kinase 2 (LRRK2), α-synuclein, parkin, DJ1, and PTEN-induced putative kinase 1 (PINK1), these proteins being associated with the mitochondrial outer membrane and involved in ROS production or defense (Knott et al., [@B76]). High temperature requirement A2 (HtrA2) is another protein that is mutated in familial PD and localizes in the intermembrane space of mitochondria (Knott et al., [@B76]). *In vitro* cell culture studies showed that mutant PINK1 or PINK1 knock-down induce mitochondrial respiration, ATP synthesis and proteasome function impairment and increased α-synuclein aggregation (Liu et al., [@B87]). Additionally, it was reported that HtrA2 loss results in transcriptional upregulation of nuclear genes characteristic of the integrated stress response, including the transcription factor C/EBP homologous protein (CHOP), selectively in the brain (Moisoi et al., [@B102]). HtrA2 loss also induces accumulation of unfolded proteins in the mitochondria, defective mitochondrial respiration and enhanced ROS production, which contribute to the induction of CHOP expression and neuronal cell death (Moisoi et al., [@B102]). Previous studies also showed that the overexpression of α-synuclein in cell culture and in transgenic mice impairs mitochondrial function and increases the susceptibility to MPTP induction (Hsu et al., [@B65]; Song et al., [@B148]). In contrast, α-synuclein-null mice are resistant to respiratory chain inhibitors implicating an involvement of mitochondria in α-synuclein-mediated toxicity (Dauer et al., [@B30]; Klivenyi et al., [@B75]).

Cerebral ischemic stroke and mitochondrial dysfunction
------------------------------------------------------

Stroke is one of the major causes of death and severe long-term disability in adults. According to the World Health Organization, 15 million people suffer stroke worldwide each year (<http://www.strokecenter.org/patients/stats.htm>). Due to a dramatic increase in life expectancy and demographic changes in the population, the burden will increase greatly during the next 20 years (Donnan et al., [@B40]). Of all strokes, 87% are ischemic, 10% are intracerebral hemorrhage, and 3% are subarachnoid hemorrhage strokes (Bolaños et al., [@B14]). In cerebral ischemic stroke, the reduction in blood supply to brain tissue results in a decrease in the availability of glucose and oxygen, which are necessary for normal brain function (Lipton, [@B85]; Lo et al., [@B89]; Rami et al., [@B126]). The mechanisms underlying neuronal cell death after cerebral ischemia are very complex. However, mitochondrial dysfunction is known to occur after cerebral ischemia and play an important role in mediating ischemic neuronal cell death via either necrosis or apoptosis (Figure [2](#F2){ref-type="fig"}) (Green and Reed, [@B58]; Nicotera and Lipton, [@B113]; Fiskum, [@B47]; Chan, [@B23]). Apoptotic cell damage, concomitant with necrotic cell loss, was found in postmortem brain tissue from a cohort of human ischemic stroke patients (Sairanen et al., [@B131]). A recent postmortem analysis of brain tissue from stroke patients also revealed an involvement of mitochondrial signaling in cerebral ischemia pathobiology (Mitsios et al., [@B100]). One of the key events intimately involved with mitochondrial dysfunction is the abnormal increase in intracellular Ca^2+^ levels (Puka-Sundvall et al., [@B124]; Schild et al., [@B135]). Transient ischemia is accompanied by a gradual rise in intracellular Ca^2+^ levels, by Ca^2+^ sequestration in mitochondria and by mitochondrial bioenergetic failure (Dux et al., [@B43]; Sims and Pulsinelli, [@B145]; Silver and Erecinska, [@B141]; Zaidan and Sims, [@B176]). Indeed, evidence from the literature demonstrated that during brain ischemia the activities of the complexes I, II, and III of the mitochondrial respiratory chain are decreased (Sims, [@B144]; Allen et al., [@B1]). Despite the fact that ischemia does not affect complex IV activity, it has been shown that its activity is remarkably inhibited by a long period of reperfusion, which suggests an irreversible damage of this mitochondrial complex probably due to the production of free radicals (Nelson and Silverstein, [@B111]; Allen et al., [@B1]; Almeida et al., [@B3]). Consequently, the maintenance of ATP levels and other high-energy metabolites after ischemia is affected, leading to an energy crisis (Siesjö et al., [@B140]; Kuroda et al., [@B80]). Excessive mitochondrial Ca^2+^ accumulation following the raise in intracellular Ca^2+^ is also responsible for ischemia-induced exacerbated ROS production (Murphy et al., [@B109]). It has been shown that the extensive Ca^2+^ accumulation by mitochondria induces MPTP opening, which can mediate the release of cytochrome c, favoring superoxide anion ($\text{O}_{2}^{\cdot -}$) formation at complex I and leading to mitochondrial membrane potential (ΔΨm) collapse, mitochondrial swelling, and rupture of the mitochondrial outer membrane (Nicholls, [@B112]). The release of cytochrome c and apoptosis inducing factor (AIF) from the mitochondria together with caspase-9 and caspase-3 activation following ischemia suggest that the induction of MPTP is an integral apoptotic mechanism involved in ischemia-triggered mitochondrial dysfunction and neuronal cell death (Dirnagl et al., [@B36]; Lipton, [@B85]; Fiskum, [@B47]; Liou et al., [@B84]; Lo et al., [@B89]). It has been shown that cyclosporine A (CsA), which inhibits MPTP, has neuroprotective effects against ischemia-induced brain injury (Soane et al., [@B147]; Tsujimoto and Shimizu, [@B161]). Cyclophilin D-knockout mice display a dramatic reduction in the size of brain infarcts (Schinzel et al., [@B136]).

![**Schematic representation of the mitochondrial mechanisms involved in neuronal cell death following cerebral ischemia**. Mitochondrial dysfunction has been shown to be a critical player in mediating ischemic neuronal cell death *via* either necrosis or apoptosis. During cerebral ischemia, the absence of glucose and oxygen causes exacerbated intracellular and mitochondrial calcium (Ca^2+^) uptake, leading to mitochondrial dysfunction and bioenergetic failure. The extensive Ca^2+^ accumulation by mitochondria has been shown to increase the susceptibility to mitochondrial permeability transition pore (MPTP) opening, favoring reactive oxygen species (ROS) formation, mitochondrial membrane potential (ΔΨm) collapse, mitochondrial swelling, and rupture of the mitochondrial outer membrane. MPTP opening can also trigger the release of pro-apoptotic proteins, leading to neuronal cell death by apoptosis.](fnagi-02-00138-g002){#F2}

These studies indicate that during cerebral ischemia the absence of glucose and oxygen causes exacerbated intracellular and mitochondrial Ca^2+^ uptake, which ultimately causes mitochondrial dysfunction and bioenergetic failure compromising neuronal function and survival in ischemic brain (Figure [2](#F2){ref-type="fig"}).

Mitochondrial Preconditioning-Mediated Neuroprotection: Triggers and Mediators
==============================================================================

Preconditioning is a phenomenon in which the brain protects itself against future injury by adapting to low doses of noxious insults. It has been shown that certain stimuli such as ischemia, low doses of endotoxin and hypoxia can induce preconditioning-dependent protective responses (Cadet and Krasnova, [@B20]). Despite the molecular mechanisms underlying preconditioning remain unclear, it has been postulated that mitochondria actively participate in the preconditioning signaling pathway by the generation of ROS (Kowaltowski, [@B77]; Suleiman et al., [@B149]; Ravagnan et al., [@B127]). It has also been shown that preconditioning can be prevented with the pharmacological inhibition of mitoK~ATP~ channels and activated by mitoK~ATP~ agonists, which emphasize the crucial involvement of mitochondria in the preconditioning phenomenon (Auchampach et al., [@B6]; Yao and Gross, [@B174]; Garlid et al., [@B50]; Jaburek et al., [@B68]). Interestingly, oxidant signals contribute to the activation of the mitoK~ATP~ (Ardehali and O\'Rourke, [@B5]). ROS, particularly $\text{O}_{2}^{\cdot -}$, may directly activate mitoK~ATP~ channels (Zhang et al., [@B178]). It was shown in a transient focal cerebral ischemia model that mitoK~ATP~ opening was not followed by ROS generation suggesting that ROS signaling acts upstream of mitoK~ATP~ (Mayanagi et al., [@B97]). On the other hand, there is also evidence that ROS act downstream of mitoK~ATP~ activation in preconditioning (Patel and Gross, [@B119]). The next subsections intend to discuss the role of mitochondria as major integrators of preconditioning-induced endogenous neuroprotection.

Mitochondrial ROS production as a signaling mechanism underlying preconditioning-induced neuroprotection
--------------------------------------------------------------------------------------------------------

Mitochondria are one of the major sources of ROS. Within the four protein complexes associated with the respiratory chain, the primary sites of ROS production and release are complexes I and III (Zhang and Gutterman, [@B177]). As mentioned above, ROS have been implicated in the preconditioning phenomenon (Ohtsuki et al., [@B115]; Peters et al., [@B121]; Ravati et al., [@B130]). Mitochondria regulate several signaling pathways through the generation of moderate levels of ROS (Allen and Tresini, [@B2]; Droge, [@B41]; Zhang and Gutterman, [@B177]). Ravati et al. ([@B130]) demonstrated that preconditioning stimulated by moderate ROS levels protect cultured neurons against different damaging agents and prevent against the subsequent massive oxygen radical formation. Moreover, an immediate and constant radical scavenger abolishes this ROS-induced neuronal preconditioning (Ravati et al., [@B130]). It was also shown that preconditioning with xanthine/xanthine oxidase (X/XO) and ferrous sulfate (FeSO~4~) protected cultured neurons against staurosporine-induced damage by an increase in ROS followed by the activation of transcription factor nuclear factor-κB (NF-κB) and the subsequent increase in NF-κB-regulated gene expression, namely manganese superoxide dismutase (MnSOD; Ravati et al., [@B129]). Preconditioning with low concentrations of H~2~O~2~ was also shown to protect PC12 cells against apoptosis induced by subsequent lethal oxidative stress (Tang et al., [@B156]). Moreover, the mechanisms behind H~2~O~2~-induced neuroprotective effects include blockage of ΔΨm loss, increase in ROS generation and overexpression of Bcl-2 (Tang et al., [@B157]). Accordingly, Furuichi et al. ([@B48]) demonstrated that the generation of H~2~O~2~ during brief oxygen--glucose deprivation (OGD) is the main trigger involved in the mechanism of preconditioning-induced neuronal protection. Recently, it was reported a preconditioning effect of an *in situ* administration of H~2~O~2~ inside the brain cortex which suggests a direct implication of ROS during the triggering phase of cerebral preconditioning (Simerabet et al., [@B142]). Also found was a relationship between mitoK~ATP~ channels and ROS since the protection induced by H~2~O~2~ against cerebral ischemia-reperfusion injury was blocked by mitoK~ATP~ channels antagonist and the antioxidant *N*-acetyl-cysteine (NAC) blocked protection induced by diazoxide, a mitoK~ATP~ channels opener (Simerabet et al., [@B142]). The strong relationship observed between ROS and mitoK~ATP~ suggests a central position of mitochondria in the neuroprotection induced by delayed cerebral preconditioning (Simerabet et al., [@B142]). Additionally, it has been shown that the inhibition of succinate dehydrogenase (SDH) with 3-nitropropionic acid (3-NPA), an agent known to increase the production of ROS probably at mitochondrial complex I, induces tolerance to focal cerebral ischemia (Wiegand et al., [@B169]) implicating mitochondrial ROS in cerebral preconditioning. Horiguchi et al. ([@B64]) also demonstrated that 3-NPA is able to induce delayed preconditioning in rats when administered 3 days after transient middle cerebral artery occlusion (MCAO) by reducing infarct volume by about 20%. More recently, it was observed that NS1619, which inhibits complex I of mitochondrial respiratory chain, induces neuronal preconditioning by increasing ROS production and mitochondrial depolarization (Gáspár et al., [@B53], [@B52]). The same authors observed that ROS scavenging during the preconditioning phase significantly reduces the neuroprotective effect of NS1619 (Gáspár et al., [@B52]), which emphasizes the role of mitochondria and mitochondrial ROS in the preconditioning phenomenon. Moreover, it was demonstrated that immediate NS1619 preconditioning include decreased Ca^2+^ influx through glutamate receptors, increased SOD activity, reduced ROS response during glutamate stimulation, and a better preservation of ATP levels (Gáspár et al., [@B52]).

One key transcription factor involved in preconditioning-induced brain tolerance is the hypoxia-inducible factor 1 (HIF-1). HIF-1 is a heterodimeric protein composed of a constitutively expressed HIF-1β subunit and an inducible HIF-1α subunit. Under normoxia, HIF-1α is hydroxylated by prolyl hydroxylase enzymes (PHDs) and rapidly degraded by the ubiquitin-proteasome system. On the other hand, under hypoxic conditions the PHDs enzymatic inhibition abrogates HIF-1α proteasomal degradation, resulting in HIF-1α stabilization and translocation to the nucleus. In the nucleus, HIF-1α recruits HIF-1β and modulates the expression of several target genes involved in angiogenesis, metabolism, apoptosis and cell survival (Correia and Moreira, [@B27]). Accumulating evidence demonstrated that HIF-1 induction has neuroprotective effects in cerebral ischemic stroke and chronic neurodegenerative disorders, such as AD and PD (Correia and Moreira, [@B27]). Mitochondria and mitochondrial ROS seems to be critical players involved in HIF-1α stabilization. Indeed, Klimova and Chandel ([@B74]) suggested that mitochondrial ROS are essential to HIF-1α protein stabilization and activation. There is a crucial role of ROS generated by the Q~0~ site of complex III in the hypoxia-mediated survival signaling (Bell et al., [@B11]). Additionally, mitochondrial ROS generation was shown to be able to prevent the hydroxylation of HIF-1α, thereby stabilizing HIF-1α and allowing its translocation to the nucleus and dimerization with HIF-1β, initiating the transcription of target genes (Figure [3](#F3){ref-type="fig"}) (Brunelle et al., [@B16]; Guzy et al., [@B60]; Bell et al., [@B11]). Several studies show that the exogenous application of H~2~O~2~ can induce HIF-1α under normoxic conditions and ROS scavengers can block hypoxic induction of HIF (Guzy et al., [@B60]; Mansfield et al., [@B95]). Moreover, it was demonstrated that mitochondrial DNA-depleted (ρ^0^) cells, without a functional mitochondrial respiratory chain, failed to increase ROS generation and HIF-1α accumulation under hypoxic conditions (Chandel et al., [@B24], [@B25]). Chandel et al. ([@B25]) also found that low levels of H~2~O~2~ stabilize HIF-1α protein during normoxia and increase hypoxia responsive element (HRE)-luciferase expression in ρ^0^ cells (Chandel et al., [@B25]).

![**Schematic illustration of the involvement of mitochondrial reactive oxygen species (ROS) in hypoxia-inducible factor 1 (HIF-1) stabilization**. Mitochondrial ROS production has been shown to inhibit prolyl hydroxylase enzymes (PHDs) activity, thus preventing HIF-1α proteasomal degradation. Consequently, HIF-1α is stabilized and translocated to the nucleus, where it dimerizes with HIF-1β, initiating the transcription of HIF-1 responsiveness genes.](fnagi-02-00138-g003){#F3}

Collectively these findings reinforce the critical involvement of mitochondria and mitochondrial ROS on neuroprotective mechanisms triggered by preconditioning.

Mechanisms of neuroprotection mediated by mitok~ATP~ channels opening
---------------------------------------------------------------------

The mitoK~ATP~ channels are heteromultimers consisting of a 55-kDa inwardly rectifying potassium (K^+^) channel, mitoKIR, and a 63-kDa sulfonylurea receptor, mitoSUR and are localized in the inner mitochondrial membrane, regulating mitochondrial function in several tissues, including the brain (Figure [4](#F4){ref-type="fig"})(Bajgar et al., [@B7]; Debska et al., [@B31]; Kulawiak and Bednarczyk, [@B79]). The physiological role mitoKATP channels has been proposed to buffer potential perturbations of matrix volume and the intermembrane space, consequently ATP synthesis and transport fulfill cellular demands. For instance, during high rates of ATP production, increased current flow through the electron transport system will cause ΔΨm to fall, thus inhibiting K^+^ diffusion into the matrix and osmotically contracting the matrix (Garlid et al., [@B49]). Brain mitochondria contain seven times more mitoK~ATP~ channels than liver or heart mitochondria, which reflect the importance of these channels in neuronal functionality and integrity (Bajgar et al., [@B7]). Accumulating evidence suggests a key role for the mitoK~ATP~ channels as both triggers and end effectors of acute and delayed neuroprotection of preconditioning (Busija et al., [@B18]; Dirnagl and Meisel, [@B37]). Indeed, activation of mitoK~ATP~ channels with pharmacological agents mimics the protective effects mediated by preconditioning (Garlid et al., [@B50]; Szewczyk and Wojtczak, [@B152]). On the other hand, it has been shown that physiological or chemical preconditioning is abrogated by mitoK~ATP~ channels blockers, such as glibenclamide and 5-hydroxydecanoate (5-HD; Szewczyk and Wojtczak, [@B152]). It has been hypothesized that mitoK~ATP~ channels opening may decrease ΔΨm, promoting an increase in the electron transport chain rate, and, consequently, increasing ATP production (Inoue et al., [@B67]). Wu et al. ([@B170]) demonstrated that the activation of mitoK~ATP~ channels protects the brain against injury through the attenuation of mitochondrial Ca^2+^ overload and, thus, preventing MPTP induction. More recently, it was also observed that the signal transduction pathways initiated by epsilon protein kinase C (εPKC) mediate preconditioning-induced neuroprotection through the activation of mitoK~ATP~ channels (Raval et al., [@B128]). The authors observed that the inhibition of both mitoK~ATP~ channels or εPKC abolishes the beneficial effects of preconditioning (Raval et al., [@B128]).

![**Schematic illustration of the mitochondrial ATP-sensitive K^+^-channel**. The mitochondrial ATP-sensitive K^+^-channel (mitoK~ATP~) channels are heteromultimers consisting of a 55-kDa inwardly rectifying potassium (K^+^) channel, mitoKIR, and a 63-kDa sulfonylurea receptor, mitoSUR and are localized in the inner mitochondrial membrane (MIM).](fnagi-02-00138-g004){#F4}

Diazoxide has been suggested to induce mild oxidative stress and preconditioning-like neuroprotection (Samavati et al., [@B132]). Diazoxide is a selective mitoK~ATP~ channels opener (Kis et al., [@B72]; Lacza et al., [@B81]; Nagy et al., [@B110]; Busija et al., [@B19]). However, it has been shown that high doses of diazoxide also inhibit SDH, the complex II of the mitochondrial respiratory chain, leading to the release of ROS in a mitoK~ATP~ channel-independent manner (Kis et al., [@B72]). Recently, Busija et al. ([@B18]) proposed that diazoxide is the most potent inducer of preconditioning-mediated protection due to the combined effects: mitochondrial membrane depolarization and enhanced ROS production through SDH inhibition. It was also demonstrated that the immediate preconditioning induced by low doses of diazoxide preserves neuronal and vascular function after cerebral ischemia (Domoki et al., [@B39]). Moreover, it was observed that this immediate preconditioning with diazoxide protects against ischemia-reperfusion injury by preventing mitochondrial swelling and Ca^2+^ accumulation in brain cells (Domoki et al., [@B38]). Diazoxide also induces delayed preconditioning in neurons via acute generation of $\text{O}_{2}^{\cdot -}$ and activation of protein kinases protecting against the oxidative stress induced by OGD, which is a well-established *in vitro* model of cerebral ischemia-reperfusion (Kis et al., [@B72]). It was also demonstrated that diazoxide protects neurons against ischemia-induced death by increasing mitochondrial Bcl-2 levels and suppressing Bax translocation to mitochondria and subsequent cytochrome c release, suggesting that mitoK~ATP~ channels activation may stabilize mitochondrial function by differentially modulating pro-apoptotic and anti-apoptotic proteins (Liu et al., [@B86]). Some *in vivo* studies also revealed that the acute and delayed preconditioning with diazoxide had a neuroprotective effect against transient focal cerebral ischemia (Shimizu et al., [@B139]; Mayanagi et al., [@B98]). Moreover, Goodman and Mattson ([@B56]) demonstrated that diazoxide is effective in protecting hippocampal neurons against oxidative injury induced by exposure to FeSO~4~ and Aβ, leading to a suppression of intracellular peroxide formation. Accordingly, a protective effect of diazoxide against Aβ-induced cytotoxicity in endothelial cells was observed (Chi et al., [@B26]). Ma and Chen ([@B91]) reported that diazoxide counteracts the effects of Aβ~1-42~, protecting neurons against the increase of ΔΨm and intracellular ROS levels induced by this amyloidogenic peptide. A recent study reported that exposure to Aβ~1-42~ enhances the expression of K~ATP~ channel subunits in cholinergic neurons, being suggested that the change in the composition of K~ATP~ channels may contribute to the dysfunction of K~ATP~ channels and membrane excitability disturbance (Ma et al., [@B92]). Moreover, it was demonstrated that the pretreatment with diazoxide reverses the Aβ~1-42~-induced enhancement in the expression of K~ATP~ channels subunits (Ma et al., [@B92]). In an *in vitro* model of PD, it was also observed that diazoxide protects neurons against MPP^+^-induced cytotoxicity via inhibition of ROS overproduction, which improve mitochondrial function (Xie et al., [@B171]). Similarly, Yang et al. ([@B173]) found that this mitoK~ATP~ opener improves both parkinsonian symptoms and neurochemistry alterations found in rats treated with rotenone, a model of PD. These results suggest that mitoK~ATP~ activation could provide a new therapeutic strategy for the treatment of early PD. The authors also observed that 5-HD abolishes all neurorestorative effects of diazoxide (Yang et al., [@B173]). This is consistent with previous studies showing that activation of mitoK~ATP~ channels with diazoxide in PC12 cells induces protection against the neurotoxic effects of rotenone, this protection being attenuated by 5-HD (Tai and Truong, [@B154]; Tai et al., [@B153]). An *in vitro* study also revealed that diazoxide prevents rotenone-induced microglial activation and the subsequent production of pro-inflammatory factors, such as tumor necrosis factor alpha (TNF-α) and inducible isoform of nitric oxide synthase (iNOS; Liu et al., [@B88]).

BMS-191095, a selective mitoK~ATP~ channels opener, has been shown to induce both immediate and delayed preconditioning in neurons. Kis et al. ([@B71]) demonstrated that the selective opening of mitoK~ATP~ channels with BMS-191095 leads to a remarkable neuroprotection via mechanisms that involve mitochondrial depolarization, PKC activation, and attenuated free radical production during neuronal stress. In addition, it was found that BMS-191095 depolarizes mitochondria without ROS generation, activates the phosphoinositide 3-kinase (PI3-K) signaling pathway, increases ATP content and catalase expression; these mechanisms playing important roles in the neuroprotective effect afforded by this mitoK~ATP~ channels opener (Gáspár et al., [@B54]). Similarly, Mayanagi et al. ([@B97]) examined the effects of BMS-191095 pretreatment on transient ischemia induced by MCAO in rats and concluded that BMS-191095 afforded protection against cerebral ischemia by delayed preconditioning via selective opening of mitoK~ATP~ channels without ROS generation.

These evidences indicate that mitoK~ATP~ channels activation is a key mechanism involved in the neuroprotective events elicited by the preconditioning phenomenon, which suggest that these channels could represent promising therapeutic targets to counteract brain cells degeneration and death.

Concluding Remarks
==================

Mitochondria are dynamic organelles critically involved in cell survival and death, since they are main sources of cellular ATP and ROS, buffers of intracellular Ca^2+^ and integrate several survival and death signaling pathways. Therefore, disturbances in the mitochondrial machinery, dynamics and turnover are important events underlying neurodegeneration. On the other hand, strong evidence demonstrate the involvement of mitochondrial ROS and mitoK~ATP~ channels on the neuroprotective mechanisms triggered by preconditioning establishing a central role of mitochondria in the preconditioning phenomenon. Understanding the mechanism underlying mitochondrial preconditioning-induced brain protection may provide important information that can be used for the development of new and more effective therapeutic strategies to prevent and/or mitigate neurodegeneration.
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